This study was undertaken to find a simple and accurate structural parameters for the quantita tive description o f inhibitory potency o f 2-azido-s-triazines in Hill reaction and to gain more inform ation about the mechanism o f inhibition on molecular level. A very good correlation (r = 0.946) was obtained between the plS(> values (the negative logarithm o f the molar concentra tion that causes 50% inhibition) and the valence zero-order and the difference betw een the second-order and the valence second-order molecular connectivity indices. This m odel, when com pared with the empirical models based on the 1-octano/water partition coefficients and the chrom atographic retention data, shows superior performance in accuracy and range o f applicabili ty. In addition, the direct correspondence between molecular structure and above connectivity indices m akes it possible to locate structural features responsible for the inhibitory potency of 2-azido-s-triazines in Hill reaction. From our O SA R analysis, the interaction betw een the chloro plast receptor site and 2-azido-s-triazines, which causes inhibition o f Hill reaction, is primarily influenced by the size o f alkylamino substituents and it accounts for the most variation in the plS(> data. The structural features of secondary importance that control the magnitude o f pUo's are the polarity o f alkylam ino chains and the degree of branching on alpha carbon atom o f R : alkylam ino substituent. Com pared with the main factor, the size of alkylamino substituents, they can be view ed as a fine tuning elem ents for the inhibitory potency of 2-azido-s-triazines.
Introduction
The m ajority of commercial herbicides act as in hibitors of photosynthesis in chloroplast. Numerous biochemical and biophysical experiments, mainly on isolated chloroplast, indicated [1] [2] [3] [4] [5] that those struc turally different classes of herbicides (phenylureas, striazines, as-triazinones, uracils, pyridazinones, benzimidazoles, phenols, etc.) all bind competitively to a protein with a m olecular weight of 32,000-34,000 within the thylakoid membrane and inhibit the elec tron flow on the reducing side of photosystem II [6 ] . Photosystem II inhibitors can be differentiated by their mode of action into two chemically different classes that are referred to as the diuron/triazine type and the phenol type. The in vitro inhibitory potency of those herbicides is determined from their ability to inhibit the Hill reaction [7] , In our recent article [8 ] , a very successful Q SA R (Quantitative Structure Ac-tivity Relationship) model [9] , based on the molecu lar connectivity indices, was form ulated for the in hibition of the Hill reaction by 3-alcoxyuracils (the diuron/triazine type inhibitors).
In this study we will extend our investigation on striazines and their ability to inhibit the Hill reaction. We will try to create the Q SA R model for 2-azido-striazines with various alkylamino substituents on positions 4 and 6 (see structure 1). 1 This class of s-triazines is selected for our study because of its structural homogeneity. The molecular connectivity indices [10] [11] [12] [13] will be used as the quan titative descriptors for the molecular structure of 2 -azido-s-triazines. They have been dem onstrated to be very successful in creating numerous Q SA R mod els with physico-chemical properties [10] [11] [12] [13] [14] , bio-logical activities [10-13, 15, 16] , and environmental behavior [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] of chemicals. In addition, these nonempirical structural descriptors can be obtained very fast, with high precision and this process is in expensive.
O ur goal is to develop a quantitative model, based on molecular connectivity indices, that will predict the inhibitory potency of 2-azido-s-triazines in Hill reaction within experim ental error. To check the quality of such Q SA R model it will be compared with the empirical Q SA R models [28, 29] based on Hansch approach [30] . This analysis will provide im portant information about the perform ance and range of applicability of molecular topology in p re dicting inhibitory potencies of herbicides. In addi tion, we hope to gain more information about struc tural features that are im portant for the high inhibi tory potency of s-triazines and to learn more about the mechanism of inhibition on molecular level. These results on s-triazines, combined with our ear lier findings for 3-alcoxyuracils [8 ] , will also help us to form ulate the global model of inhibition for diuron/triazine type inhibitors of photosystem II, which is our ultimate goal.
Method of calculation and experimental data
Several extensive reviews of the theory and m eth od of calculation of molecular connectivity indices have been published recently [10] [11] [12] [13] . Thus only a brief description of the calculation of the molecular connectivity indices used in the nonempirical models discussed in this study is given here.
The zero-order valence molecular connectivity in dices ( Y ) are calculated from the non-hydrogen part of the molecule. Each non-hydrogen atom is de scribed by its atomic 6 V value, which is calculated from the following equation:
where Z is its atomic num ber, Z v is the num ber of valence electrons in the atom and h is the num ber of hydrogen atoms bound to the same atom. The °xv indices are then calculated from the atomic 6 V values by Eqn. (2),
and summation is over all non-hydrogen atoms in a molecule. The second-order molecular connectivity indices ( 2X ) are also calculated from the non-hydrogen part of the molecule and corresponding Ö values (the num ber of adjacent non-hydrogen atoms) by Eqn. w here, i, j, and k correspond to three consecutive non-hydrogen atoms and summation is over all pairs of adjacent bonds between non-hydrogen atoms. The second-order valence molecular connectivity in dices (2xv) are calculated from the atomic 6 V values by Eqn. (4).
Molecular connectivity indices were calculated by the G R A PH III com puter program on an IBM PC/ XT personal com puter [20] . Minimum hardware and software requirements for this program are IBM PC or compatible com puter, 256 KB memory, 1 double sided/double density disk drive, and PC-DOS or MS-DOS operating system version 2.1 or higher. The use of mathematical coprocessor is highly recom m ended. In its present version, GRA PH III can calculate the molecular connectivity indices up to the tenth order for molecules with 35 non-hydrogen atoms or less. It is possible to extend the program to handle larger molecules if sufficient memory is available.
Regression analysis was carried out using the statistical analysis system (SYSTAT) on the personal com puter described above. To test the quality of the regression equations the following statistical pa ram eters were used: the correlation coefficient (r), the standard error of the estimate (s), a test of the null hypothesis (F-test), and the amount of explained variance (EV).
The inhibitory activities of 2-azido-s-triazines are taken from the study of G abbott [28] . They are ex pressed as pl50, the negative logarithm of concentra tion causing 50% inhibition in Hill reaction. Their experimental errors are in the range of 1-5% .
Results and Discussion
The 2-azido-s-triazine derivatives examined in the present QSAR study are shown in Table I together with their inhibitory potencies (pl50) and molecular connectivity indices used as structural descriptors.
From correlation diagrams it was easy to conclude that the exponential relation is apparent between the molecular connectivity indices and inhibitory poten cies of 2-azido-s-triazines. Thus, the single variable models (quadratic, hyperbolic, and exponential) were calculated for the zero-and first-order molecu lar connectivity indices to find an index that would most adequately describe the influence of alkylamino chains on the inhibitory potencies of 2 -azido-striazines. The best relationship was obtained be tween pl50 and quadratic function of the zero-order The statistical param eters show that equation 5 is statistically significant above the 95% level and it accounts for 80% of the variation in the pl50 data. (The 95% confidence intervals are shown in paren theses.) A lthough a high correlation coefficient was obtained, the °xv index alone was not able to account for all of the variation in the pl50 data whose average experim ental error is only 2 -3%. Consequently, two-variable regression equation were screened to find a higher-order molecular connectivity index that will account for the remaining part of the variation in the pl50 data. The best two-variable regression model The introduction of the second variable (2x -2X V ) made statistically significant improvements in our model. The standard error (s) is lower by 23% and equation 6 accounts for more than 87% of the varia tion in the pl50 data. In addition, the value of F-test clearly shows that improvements are real and are not caused by the sole fact that more variables are used. The level of cross-correlation (r2 = 0.4) be tween the two independent variables is sufficiently low to perm it their simultaneous presence in the re gression model. A comparison of the observed and predicted inhibitory potency of 2 -azido-s-triazines, Table I , clearly dem onstrates that the molecular con nectivity model (equation 6 ) is very accurate in pre dicting their pl50 data. The average difference be tween predicted and observed plso's is only 0.15 log units (factor 1.4) and only one compound is pre dicted outside the two standard deviations. M ore over, approximately 75% of the predicted pl50 data are within the experim ental error. The high accuracy of the molecular connectivity model in predicting the inhibitory potency of 2 -azido-s-triazines is also shown in Fig. 1 where the observed vs. predicted pl50 data of test compounds from Table I are plotted. p'so<calc) A lthough, the introduction of the second variable (2X -2/ v) rnade very significant improvem ents to our model, Eqn. (6 ), 10% of the variation in the pl50 data is still unaccountable. A t this point, it will be logical to farther increase the complexity of our model, by increasing the num ber of variables. But, since the am ount of experim ental data is relatively low the addition of any new variable will greatly increase the possibility of chance correlation [31] . Such unfortu nate situation prom pted us to continue our search for the better second variable in the large pool of experi mental variables [32] . The result of this search is de scribed by Eqn. (7) and its statistical param eters. A brief comparison of the two-variable models, Eqn. (6 ) and (7), clearly shows that they are statistically identical. Thus, it is appropriate to speculate that the polar substituent constant (o * R1 + R2) developed by Taft [33] and the difference between the simple and valence type connectivity indices describe the same physical property of studied 2-azido-s-triazines. To additionally validate this assumption we have also correlated those two variables. As expected, a very good linear correlation is obtained as shown by Eqn. Both results indicate that the information encoded in the difference between the simple and valence type connectivity indices describes electronic properties of the studied compounds. This result is consistent with the earlier findings reported by Kier and Hall [13] . They have found that such differences between connectivity indices correlate very well with various experim ental and calculated descriptors of electronic structure; e.g. electronegativity, H am m ett sigma val ues, solvent polarity, and energies of ionization.
The present QSAR analysis shows that the inhibi tory potencies of 2-azido-s-triazines in Hill reaction is primarily influenced by the size of alkylamino sub stituents, which is described the best by the °xv index, since its numerical value is directly proportional to the num ber of atoms in a molecule and it accounts for the most variation in the pl50 data. The other factor that controls the m agnitude of pl50's is the po larity of alkylamino substituents. The positive regres sion coefficients of the (2x -2xv) index shows that the inhibition increases with the polarity of alkylamino substituents. Com pared with the main factor, the size of substituents, it can be viewed as a fine tuning elem ent for the inhibitory potency of 2 -azido-striazines.
The satisfactory perform ance of the molecular connectivity model (Eqn. 6 ) in predicting the inhibi tory potency of 2-azido-s-triazines in Hill reaction prom pted us to check the quality of its predictions by examining and com paring it with the predictive abili ty of Q SA R models based on empirical param eters ( 1 -octanol/w ater partition coefficients and chrom atographic retention data) [28] . (Such analysis is an im portant part of any modelling process.) Those models are described by Eqn. (9) and (10) For the sake of clarity, the comparison of molecular connectivity m odel (Eqn. 6 ) with each empirical model will be perform ed separately.
A brief inspection of Eqn. (6 ) and (9) and their statistical param eters shows that the molecular con nectivity model is superior to classical Hansch type model (Eqn. (9)). The standard error (s) of m olecu lar connectivity model is lower by 28% and the ex plained variance is higher nearly 10%. Similar result is obtained in our prior study on alcoxyuracil deriva tives [8 ] . Such consistent superior performance of m olecular connectivity model is encouraging and gives confidence in correct selection of structural de scriptors for modelling the inhibitory potency of Hill reaction. We also hope that the improved models will help in gaining new inform ation about structural requirem ents for the potent Hill reaction inhibitors.
The comparison of Eqn. (6 ) and (10) clearly shows that they are statistically identical. Although, the standard error of m olecular connectivity model is lower by 9% , the detailed analysis of the calculated pl50 data shows that their predictive abilities are very similar. However, there are some limitations that make the application of Eqn. (10) unpracticable, dif ficult, and theoretically questionable. The theoreti cal justification for using chrom atographic data in QSAR analysis was that "they are free energy based constants identical with Hansch it values" and the high correlation between those two empirical pa ram eters for that group of 2 -azido-s-triazines [28] . However, for the very similar group of s-triazines (with a chlorine or methylthio groups replacing azido group) analogous correlation is very poor (r2 = 0.308) [34] , In addition, a complete lack of correlation is observed between their pl50 data and log P values (r2 = 0.097) [34, 35] ,
The second limitation in using chrom atographic data for Q SA R modelling is that it is not possible to make predictions for compounds that have not been synthesized and/or those whose chrom atographic data have not been m easured. (It has to be pointed out here that a real value of models is in their ability to correctly and efficiently handle new situations.) This makes the model based on chrom atographic measurements difficult or impossible to apply for the new compounds. It is fair to conclude that in general the perform ance and future applications of molecu lar connectivity model are superior to all empirical Q SA R models reported for 2-azido-s-triazines inhib ition of Hill reaction.
The following section is dedicated to qualitative observations on the structural requirem ents of chloroplast receptor site for optimal interaction (binding) with alkyl chains in Hill reaction. The con clusions made here are based on analyzing the hierarchy of effects of alkyl substituents on the re sulting inhibitory potencies of 2 -azido-s-triazines. Such analysis was made possible by superb study of G abbot [28] where the size and shape of receptor site (i.e. its hydrophobic region) was systematically prob ed by continuous change in the size and shape of alkyl substituents. First, the asymmetric substitution is a necessary prerequisite for the strong interaction with the hydrophobic region of receptor site. Once the s-triazine ring is fixed in its position the optimal size for alkyl chains are two and four carbon atoms, respectively. Second, the branching on the alpha car bon atom of the larger alkyl chain is very im portant for strong binding. The higher is substitution the stronger is binding and inhibitory potency. Thus, iso propyl substituent is better than «-propyl substituent and f-butyl is the best of all butyl isomers. This means that the larger side of hydrophobic region is not extensive and that it resembles a large cavity which can nicely accommodate bulky f-butyl group. However, the branching on smaller alkyl chain con siderably decreases activity of the resulting com pound and even prevents f-butyl group from optimal packing and interaction with receptor site. It is a pity that there is no experim ental data for «-propyl sub stituent at R] position, thus it is not possible to draw final conclusion about the size and shape of "small e r" hydrophobic region in chloroplast receptor site. Finally, if the alkyl substituent at position R t is kept constant (methyl or ethyl), identical substituent series are obtained for increased contribution of larger substituent (R 2) to the resulting activity of 2-azido-s-triazines:
Me < E t < n-Pr < i-Pr < i-Bu < n-Bu < s-Bu < t-Bu.
In the closing paragraph we will compare the molecular connectivity models for alcoxyuracils [8 ] and azidotriazines activity in Hill reaction and dis cuss their common features as well as differences since both groups are classified as diuron/triazine type inhibitors of Photosystem II. In general features these models are very similar. The inhibitory potency of 3-alcoxyuracils and 2-azido-s-triazines in Hill reac tion is primarily influenced by the size of alcoxy and alkylamino chains, respectively. In both model this relationship is exponential and increases until an op timal value or plateau is reached. For alcoxyuracils this is «-alkyl chain with nine carbon atoms and for 2 -azido-s-triazines this is ethyl group plus highly branched r-butyl group. The structural features of secondary importance differ for those two classes of Hill reaction inhibitors. For alcoxyuracils this is the flexibility of alcoxy chain and for 2 -azido-s-triazines the degree of branching on alpha carbon of larger alkylamino substituent (R 2). This variation strongly suggests that alcoxy and alkylamino chains interact with the different sections of chloroplast hydrophobic region. The additional support for this as sumption is that it is not possible to logically overlap uracil and s-triazine rings and position the alcoxy and alkylamino chains to occupy the same space.
Conclusions
In this investigation, we have dem onstrated that a simple m odel, based on topological indices, can be used to accurately describe the inhibitory potency of 2-azido-s-triazines in Hill reaction. From our QSAR analysis, the size of alkylamino chains accounts for majority of quantitative differences in inhibitory po tency found for the studied 2-azido-s-triazines. This relationship is exponential (quadratic) and increases until an optimal value is reached. The structural fea tures of secondary importance for inhibitory potency are the polarity of alkylamino chains and the degree of branching on alpha carbon atom of R 2 alkylamino substituent. The inhibitory activity of 2-azido-striazines is directly proportional to them . Created model, when compared with the existing empirical models, shows superior perform ance in accuracy and future applications.
